Modelling of RC beam-column sub-assemblages under sudden column loss scenario by J. Sio (8692183) & B. A. Izzuddin (8688445)
Modelling of RC beam-column sub-assemblages under sudden column loss 
scenario 
João Sio1,*, Bassam A. Izzuddin1 
1 
Department of Civil and Environmental Engineering, Imperial College, London, UK. 
j.angelo-sio18@imperial.ac.uk, b.izzuddin@imperial.ac.uk 
 
Abstract 
The design of structures against disproportionate collapse is commonly achieved through structural 
assessment under a sudden column loss scenario. In this regard, a novel framework has been previously 
developed at Imperial College London [1], aiming to improve the accuracy of robustness assessment 
whilst maintaining a certain level of practicality. To predict the dynamic behaviour under sudden 
column loss, the framework transforms the nonlinear static response of a structure into a pseudo-static 
response through principles of energy balance. Furthermore, the response of an entire structure can be 
obtained based on the assemblage of its individual components. As such, the structural assessment under 
sudden column loss can be performed, for example, by simply providing the nonlinear static response 
of a beam-column sub-assemblage (BCSA) extracted from the structure. 
Complement to the above framework, this paper aims to propose efficient numerical models to predict 
the nonlinear static response of RC BCSAs under column loss scenarios. The BCSAs are modelled in 
the nonlinear finite element analysis program ADAPTIC [2] using one-dimensional fibre-beam 
elements and a combination of joint/link elements. To reproduce the fracture of reinforcement, a 
uniaxial steel constitutive model is developed, in which a tensile softening branch follows an 
exponential degrading function. Two approaches are employed to assess the relevance of considering 
bond-slip. The first approach, which uses conventional fibre-beam elements, is more simplistic, with 
the inherent assumptions of linear cross-sectional strain distribution and full-bond between 
reinforcement and concrete. The second approach is more sophisticated since it relies on two separate 
elements for the modelling of concrete and reinforcement/bond [3], respectively. Lastly, parametric 
studies are performed to assess the sensitivity of the predicted nonlinear static response to various model 
parameters, including the tensile softening rate of reinforcement and the bond strength. 
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1. Introduction 
Experimental tests [4-6] show that, under a column loss scenario, a typical RC BCSA with adequate 
axial and rotational boundary restraints (Fig. 1a) can mobilise secondary mechanisms at large 
displacements, increasing the resistance of the BCSA beyond its flexural capacity. These mechanisms 
are denoted as compressive arching action (CAA) or catenary action (CA) depending on whether the 
BCSA is under compressive or tensile axial force. Evidently, apart from the level of boundary restraints 
[5, 7], the extent of resistance enhancement that these mechanisms provide depends on the ductility of 
the BCSA. In turn, the ductility of the BCSA is essentially limited by the interplay between the fracture 
of reinforcement and the bond-slip between reinforcement and concrete [5]. Under lower bond 
strengths, the strains in the reinforcement are less localised, enabling the reinforcement to elongate 
further before fracture. 
Such observations suggest that numerical models developed to predict the nonlinear static response of 
RC BCSAs should capture the relevant aspects of i) axial-bending interaction, ii) boundary restraint, 
iii) reinforcement fracture and iv) bond-slip. Many simplified models available in the literature utilise 
one-dimensional fibre-beam elements and a combination of joint/link elements to treat aspects i) and 
ii), respectively [7, 8]. Typical fibre-beam elements assume full-bond between reinforcement and 
concrete, under which the corresponding simplified models will predict, by default, premature fracture 
of the reinforcement. To account for aspects iii) and iv), additional force-slip springs are usually 
considered at the beam ends of the BCSA [7, 8]. However, these springs only represent the effects of 
bond-slip locally at the beam ends. Furthermore, since the corresponding force-slip relationship is 
determined based on simplified analytical models [7], the complexity of the approach increases 
drastically when using nonlinear bond-slip relationships. In this respect, by considering separate 1D 
elements to represent the concrete and the reinforcement/bond [3], the bond-modelling approach 
presented in this paper manages to capture the effects of bond-slip continuously throughout the BCSA, 
under which nonlinear bond-slip relationships can be easily employed. The elements used in this 
approach also allow for nonlinear cross-sectional strain distributions. Yet, the approach is 
computationally efficient because the concrete and reinforcement/bond elements share the same nodes. 
 
2. Description of the numerical models for RC BCSA 
 
Fig. 1: Modelling of BCSAs: a) typical RC BCSA; b) BCSA model; c) newly developed steel 
constitutive model 
On the basis of specimen S4 reported in Yu and Tan [6], numerical models were developed in the 
nonlinear finite element analysis program ADAPTIC [2]. These models, illustrated in Fig. 1b, entailed 
three groups of elements: 
i) Rigid link representing the centre-column of the BCSA. 
ii) Combination of rigid links and zero-length joint elements (contact gaps and axial springs) to model 
the boundary restraints. The end-columns of the BCSA are assumed as rigid, and thus are represented 
by rigid links. The experimental axial and rotational restraint were achieved through a pair of parallel 
steel struts which connected the end-columns of the BCSA to the reacting structure [6]. Each strut is 
therefore modelled by a contact gap and an axial spring placed in series to account for the exhibited slip 
and stiffness, respectively. The assumed relationship for the contact gaps requires two inputs (the 
positive and negative displacements for gap closure), while an asymmetric linear relationship is 
assumed for the spring elements. 
iii) Fibre-beam elements representing the beams of the BCSA. Conventional and sophisticated 1D fibre-
beam elements are employed to assess the relevance of bond-slip to the nonlinear response of the BCSA. 
The characteristics of these elements have already been discussed in the previous section. Piecewise-
linear uniaxial constitutive models with softening, which are readily implemented in ADAPTIC, are 
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used for the concrete [2] and the bond-slip [3] responses. For the steel reinforcement, the uniaxial 
constitutive model illustrated in Fig. 1c has been developed in this work. It is basically an enhanced 
kinematic hardening model, with the addition of a tensile softening branch which follows an exponential 
degrading function: 
 
ar e −=  (1) 
where a  is a function parameter controlling the rate of degradation, and   is a damage state variable 
which only increases when the current plastic strains of the steel exceed the ultimate plastic strains. 
With inspection of Eq. (1), it can be seen that r  decreases from 1 to 0 as the damage state variable 
increases. r  and   also influence the response of the steel under tensile reloading, including the tensile 
reloading stiffness and the yield envelope. 
 
3. Parametric assessment 
Although the nonlinear static response is of primary interest, a dynamic analysis procedure is used with 
a constant vertical velocity applied at the centre-column for enhanced convergence of the nonlinear 
solution procedure. This velocity is chosen to be sufficiently low such that the response of the BCSA 
would not be significantly influenced by the inertia and damping forces. Notwithstanding, some 
dynamic oscillations due to energy release are observed in the results subsequently presented. With 
regards to the BCSA models using conventional and sophisticated fibre-beam elements, these are 
denoted as conventional and sophisticated models, respectively. 
 
Fig. 2: Sensitivity of the nonlinear static response to the tensile softening rate and the bond strength 
Fig. 2 assesses the sensitivity of the nonlinear static response to two steel tensile softening rates (with 
the degrading function parameter a  set as 410−  and 5.0) and three levels of bond strength (full bond, 
18.90 MPa and 3.78 MPa). The responses predicted by conventional (c) and sophisticated models (s) 
are similar when considering a steel relationship without softening (e.g. setting a  as 410− ). The 
differences in the response are mainly attributed to bond-slip and the distribution of cross-sectional 
strains. Regardless of the type of model (conventional or sophisticated), the ductility limit of the BCSA 
is not captured when tensile steel softening is negligible (
410a −= ). This can be evidenced by the 
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indefinite load increase under catenary action. In this case, a manual inspection of strains is required to 
determine the range of validity for these models. The effects of bond-slip on the nonlinear static 
response becomes more evident with higher tensile softening rates. Load drops associated to the fracture 
of reinforcements are clearly visible when a  is set to 5.0. In turn, these load drops demonstrated the 
delay in the fracture of reinforcements with lower bond strengths. 
Both conventional and sophisticated models without steel tensile softening show promising predictions 
of the experimental response up to the first fracture of reinforcement, indicating that the effects of axial-
bending interaction and the boundary restraints are accurately reproduced. In the presence of steel 
tensile softening, it is evident that the conventional model predicts a premature fracture of 
reinforcement. In contrast, with the results demonstrating the ability of the sophisticated model to adjust 
the displacement at which reinforcement fractures, this model can potentially capture the entire 
nonlinear static response of the BCSA. Despite this, the symmetry of the model inhibits the precise 
simulation of an asymmetric pattern for the fracture of reinforcements, such as that exhibited in the 
experimental response. However, this issue can be overcome by introducing some material 
heterogeneity to the model. 
 
4. Conclusions 
The proposed sophisticated model shows potential to be an efficient means to predict the nonlinear 
static response of RC BCSAs under column loss scenarios. The model is computationally efficient and 
can be defined with relative ease, and at the same time it offers the potential to reproduce the nonlinear 
static response of the BCSAs with satisfactory accuracy. Validation of the model and its extension to 
general application are currently underway. 
 
Acknowledgments 
The authors would like to acknowledge Fundação para a Ciência e a Tecnologia, Portugal for 
sponsoring the doctoral programme of João Sio at Imperial College London through the grant 
SFRH/BD/137612/2018. 
 
References 
[1] B. A. Izzuddin, A. G. Vlassis, A. Y. Elghazouli, and D. A. Nethercot (2008): Progressive collapse 
of multi-storey buildings due to sudden column loss—Part I: Simplified assessment framework. 
Engineering structures. 30(5), 1308-1318. 
[2] B. A. Izzuddin (1990): Nonlinear dynamic analysis of framed structures. PhD thesis. Department 
of Civil and Environmental Engineering, Imperial College London (University of London). 
[3] H. Khalid (2011): Objective modelling of reinforced concrete structures. PhD thesis. Department 
of Civil and Environmental Engineering, Imperial College London (University of London). 
[4] Y. Su, Y. Tian, and X. Song (2009): Progressive Collapse Resistance of Axially-Restrained Frame 
Beams. ACI Structural Journal. 106(5), 600-607. 
[5] N. S. Lim, K. H. Tan, and C. K. Lee (2017): Effects of rotational capacity and horizontal restraint 
on development of catenary action in 2-D RC frames. Engineering Structures. 153, 613-627. 
[6] J. Yu and K. H. Tan (2012): Structural behavior of RC beam-column subassemblages under a 
middle column removal scenario. Journal of Structural Engineering. 139(2), 233-250. 
[7] J. Yu and K. H. Tan (2014): Numerical analysis with joint model on RC assemblages subjected to 
progressive collapse. Magazine of Concrete Research. 66(23), 1201-1218. 
[8] Y. Bao, S. K. Kunnath, S. El-Tawil, and H. S. Lew (2008): Macromodel-based simulation of 
progressive collapse: RC frame structures. Journal of Structural Engineering. 134(7), 1079-1091. 
